Crystallization experiments at 400 MPa, oxidized condition (ÁlogfO 2 ¼ NNO þ1, where NNO is nickel^nickel oxide buffer) and over a range of temperatures (850^9508C) and fluid composition (XH 2 O in ¼ 0Á3^1) have been carried out to constrain the storage conditions of the sulphur-rich magma of the Huerto Andesite (an anhydrite, pyrrhotite, and S-rich apatite-bearing, post-Fish Canyon Tuff mafic lava). The results are used to evaluate the role of fluids released from the crystallization of magmas such as the Huerto Andesite on the remobilization of the largely crystallized dacitic Fish Canyon magma body. Experiments were performed using the natural andesitic bulk composition with and without added sulphur.The presence of sulphur slightly affects the phase equilibria by changing the phase proportions, stability fields of plagioclase, pyroxenes and ilmenite, and also affects the plagioclase composition. Phase equilibria and mineral composition data indicate that the magma may have contained 4Á5 wt % water in the melt and that the pre-eruptive temperature was 875 AE 258C. Assuming that the magma was in equilibrium with a fluid phase, the CO 2 concentration of the melt is estimated to be in the range 2000^4000 ppm (at 400 MPa). Before eruption, the andesite had an oxidation state very close to, or slightly within, the co-stability field of anhydritep yrrhotite at NNO þ1Á1. At these conditions, the sulphur content in the melt is $500 ppm. Assuming open-system degassing resulting from continuing crystallization at depth, most of the CO 2 dissolved in the andesitic melt should be released after the crystallization of 510 vol. % of the magma, corresponding to a cooling from 875 to 825^8508C.Thus, the fluids released owing to crystallization processes should be mainly composed of water at temperatures below 8258C.
I N T RO D UC T I O N
The importance of volatile constituents (H 2 O, CO 2 and S) in magmatic processes is now well established. Volatiles influence crystal^melt phase relations and the order of crystallization of minerals from silicate melts, as well as melt dynamics, and consequently processes such as mixing, assimilation and differentiation. They may play an important role in subduction-related tectonic settings in the generation of large silicic magma bodies. Although partial melting of crustal materials and fractional crystallization of more mafic parent magmas are the two mechanisms commonly invoked to explain the generation of crystalpoor silicic magmas, reheating and partial remobilization of a crystal mush has also been considered as a possible mechanism for producing large silicic magma bodies (Sisson & Bacon, 1999; Bachmann & Bergantz, 2003) . Upward percolation of a hot fluid phase through uppercrustal magma mushes may facilitate the segregation of melt for the generation of voluminous rhyolite by their reheating and partial remelting. Possible examples of thermally rejuvenated and remobilized crystal-rich magmas include recent intermediate to silicic eruptions such as the Montserrat andesite (e.g. Couch et al., 2001) and Pinatubo dacite (Pallister et al., 1992) , but also larger volcanic units such as the Kos Plateau Tuff (Allen, 2001 ) and the 5000 km 3 Fish Canyon Tuff (Bachmann et al., 2002) , one of the most voluminous pyroclastic units worldwide.
The Fish Canyon Tuff of the San Juan volcanic field in Colorado (USA) is a well-documented example of a voluminous, unzoned, phenocryst-rich pyroclastic deposit (Lipman et al., 1997) (Fig. 1) . The water-and sulphur-rich lavas of the Huerto Andesite (hornblende-and anhydritep yrrhotite-bearing calc-alkaline lavas, erupted after the emplacement of the Fish Canyon Tuff. Bachmann & Bergantz (2003 suggested that the release of volatiles from a hotter, more mafic magma stored beneath the Fish Canyon Tuff magma would have contributed to the rejuvenation of a partially solidified batholith, causing the eruption of the Fish Canyon Tuff. The Huerto Andesite lavas possibly could, therefore, represent the degassing mafic magma source. Assuming this hypothesis to be correct, the main problem that needs to be resolved is whether or not the pre-eruptive conditions of the Huerto Andesite are compatible with the temperature and amount of volatiles required.
Phase equilibria experiments were conducted to constrain the conditions at which the phase assemblage of the Huerto Andesite could be reproduced and to constrain the composition of the fluid phase in equilibrium with the melt. We investigated (1) how changing volatiles (H 2 O, CO 2 and S) affect the phase equilibria, crystalline phase proportions and compositions, (2) the solubility of H 2 O, CO 2 and S in andesitic silicate melts, and (3) the partitioning of sulphur between silicate melt, minerals and fluid as a function of temperature and the fugacities of the volatile species.
Pre-eruptive conditions estimated for the Huerto Andesite and Fish Canyon magma system
The Huerto Andesite is a crystal-rich andesite (44 vol. % phenocrysts) with a hyalopilitic texture and phenocrysts of plagioclase (normally zoned from An 60 Or 1 to An 45 Or 3 ; 28 vol. %) and amphibole (11 vol. %), plus minor to sparse augite [Mg-number ¼100 Â Mg/(Mg þ Fe total ) ¼ 76], apatite, magnetite, ilmenite, pyrrhotite and anhydrite (Table 1 ) (DA4; . The presence of euhedral, normally zoned amphibole phenocrysts (Mg-number ¼ 66^55) without reaction rims suggests that they crystallized from an intermediate composition water-rich magma.
The association of the Huerto Andesite (28 Ma) with a large dacitic caldera indicates that the andesitic parent magma was stored beneath the silicic magma chamber in the upper crust (Bachmann et al., 2002) . The experimental study of Johnson & Rutherford (1989) and hornblende thermobarometry calculations of Bachmann et al. (2002) indicate a pressure of $240 MPa for the Fish Canyon magmatic system. In contrast, Bachmann & Bergantz (2003) estimated a saturation pressure of 460 MPa for the underlying mafic magma [at 9008C with 5 wt % H 2 O using the code VolatileCalc of Newman & Lowenstern (2002) ]. Considering these estimated pressures and petrographic and isotopic evidence that the hornblende-bearing water-rich andesite magma ponded beneath the Fish Canyon magma body at a relatively deep crustal level , we have chosen to conduct all our experiments at a pressure of 400 MPa. The water content in the melt must have been relatively high, as hornblende is stable. Temperatures of coexisting pyroxenes and oxides in the andesite have been estimated using the geothermometers of Lindsley & Frost (1992) and Ghiorso & Sack (1991) , respectively . The pre-eruptive temperatures are in the range 850^9508C.
Taking all the available information into account, the phase relationships of the Huerto Andesite magma were investigated by performing crystallization experiments, with and without sulphur, in the temperature range 850^9508C with different fluid composition (H 2 O^CO 2 ). The presence of both anhydrite and pyrrhotite in the natural andesite constrains the oxygen fugacity at $NNO to NNO þ1Á5, where NNO is nickel^nickel oxide buffer (expressed as Álog fO 2 ) (Carroll & Rutherford, 1988 ).
E X P E R I M E N TA L A N D A NA LY T I C A L M E T H O D S Preparation of charges
All experiments were performed on a natural andesitic sample (composition in Table 1 ). Dry glass was prepared by fusing 10 g of the crushed andesite in a Pt crucible at 14008C and 1 atm for 3 h. After fusing, the glass was crushed and fused again at the same conditions to avoid heterogeneity. The resulting glass was finely crushed in an agate mortar (grain size 5200 mm). Electron microprobe analysis showed that this glass is homogeneous within analytical uncertainty and that Fe and Na losses during fusion were minimal (compare X-ray fluorescence analysis of natural sample with microprobe analysis of dry glass; Table 1 ).
Charges were loaded into Au capsules (15 mm length, 2Á8 mm internal diameter and 0Á2 mm wall thickness). First, water as pure H 2 O and then CO 2 as silver oxalate (Ag 2 C 2 O 4 , which decomposes to Ag and CO 2 at low temperature) were loaded into the capsule. The rock powder was added in a second stage. The weight proportion of H 2 O þ CO 2 [(H 2 O þ CO 2 )/(H 2 O þ CO 2 þ silicate), in wt %] was fixed to be around 0Á1 in all experiments (see Holtz et al., 1992) . The mole proportion of H 2 O, XH 2 O in [¼ H 2 O/(H 2 O þ CO 2 ), molar], loaded in the capsule varied between 0Á33 and unity. Sulphur was added as elemental sulphur with 1wt % added to the rock powder. Additional experiments were conducted using anhydrite as the source of sulphur to determine the role of the sulphur in the starting material on the experimental results (see Clemente et al., 2004) . The amount of added anhydrite was 4Á25 wt % CaSO 4 , which represents an additional amount of 1wt % S and 1Á75 wt % CaO. We use the term 'S-bearing' for experiments with sulphur as elemental sulphur and 'anhydrite-bearing' for experiments with anhydrite as the source of sulphur.
Upon loading, the capsules were sealed by arc welding, surrounded with wet paper and frozen in liquid nitrogen to avoid water and CO 2 loss, and then weighed to check for leaks. After completion of the experiments, the capsules were weighed again to ensure that there had been no loss of water and CO 2 at high pressure and temperature. To evaluate the extent of iron and sulphur loss to the sample containers during the experiments, the gold capsules were analysed by electron microprobe. Results showed that iron and sulphur losses are small (50Á1wt % FeO and 50Á07 wt % SO 2 ).
Experiments
All experiments were performed at 400 MPa in the temperature range 850^9508C (Table 2) in vertical, internally heated pressure vessels (University of Hannover) fitted with a Shaw-type membrane for the control of H 2 fugacity (fH 2 ) and a rapid-quench sample holder to avoid crystallization during quenching (Berndt et al., 2002) . The pressure medium was a mixture of Ar þ H 2 . The redox state of the experimental charges was controlled by directly reading PH 2 and thus fH 2 , with a Shaw membrane connected to a transducer. The time needed to attain osmotic H 2 equilibrium between the vessel and the H 2 -sensor membrane is typically about 30 h at 11508C and 200 MPa (Berndt et al., 2002) . Our experiments were conducted at lower temperature but the duration was longer (5 days).
In six experimental series (each experimental series consists of several capsules at the same pressure, temperature and PH 2 , but with different XH 2 O in ) we recorded the PH 2 and noted that it became constant at the end of the experiment, indicating that osmotic equilibrium was reached (PH 2 recorded by the Shaw-membrane is close to that prevailing in the vessel). In two additional series, osmotic equilibrium between the vessel and the Shaw membrane system was not fully reached (runs 11, 12, 13, 19, 15, 16 and 20, Table 2 ). The prevailing oxygen fugacity ( fO 2 ) in these experiments was estimated using the mineral compositions of magnetite and ilmenite pairs and of pyroxene. The difference between the fO 2 calculated from the PH 2 (given by the Shaw-membrane) and the prevailing fO 2 in the capsule is estimated to be $1 log unit. Under water-saturated conditions, the proportion of H 2 added to the pressure medium (Ar) was chosen so as to reach an fO 2 corresponding to NNO þ1 [calculation of fO 2 based on the equation of Schwab & Ku« stner (1981) ]. It should be noted that for water-undersaturated experiments, fH 2 O, and thus fO 2 , decreases with decreasing XH 2 O in . The fO 2 in the water-undersaturated experiments can be estimated using the relation log fO 2 ¼ log fO 2 (at XH 2 O in ¼1) À 2 log XH 2 O in (Whitney, 1972; Webster et al., 1987; Scaillet & Evans, 1999) . We estimate that the overall error on the calculated fO 2 is about 0Á2^0Á3 log units (Botcharnikov et al., 2005) .
Electron microprobe analysis
Experimental products (minerals and glasses) were analysed using a Cameca SX100 microprobe (University of Hannover and Freiburg). All mineral phases were analysed using an accelerating voltage of 15 kV. The beam current was 6 nA for glass analyses, 15 nA for silicate mineral, oxide and apatite analyses, and 10 nA for anhydrite analyses. The beam was defocused to at least 20 mm for glass and focused to 52 mm for analysis of crystalline phases.
All elements were analysed for 10 s, except sulphur (60 s) and fluorine (30 s). Standards used for calibration were Fe 2 O 3 , MgO, MnTiO 3 (Mn and Ti), albite (Na), wollastonite (Si for mineral and glass and Ca for glass), apatite (P and F for glass and F, Ca and P for apatite), orthoclase (K), anhydrite (Ca and S for anhydrite and S for apatite and glass) and pyrite (S for pyrrhotite).
The standard deviations (2^18 analysis points) given in the tables and figures for mineral and glass analyses correspond to 1S.D. of replicate analyses. Because of the small size of the crystals (55 mm) in some experiments at low XH 2 O in , it was not possible to obtain representative analyses of the composition of these minerals (in such cases, the analyses are not reported in the tables). However, phases have been qualitatively identified [by energydispersive spectrometry (EDS) þ microprobe] and the characterization of the stability field of individual minerals was possible.
The water content of the experimental glasses was determinedusinga series of standards with a rhyolitic composition and different water contents (0^8 wt % H 2 O), following the 'by-difference' method described by Devine et al. (1995) and Koepke (1997) . Using this technique, the uncertainty is in the range AE0Á5^0Á7 wt % H 2 O. The water content of three experiments at water-saturated conditions (XH 2 O in ¼1; no S added) determined 'by-difference' is 7Á8, 8Á2 and 8Á4 at 850, 900 and 9508C, respectively. These values are within the water solubility range determined for andesitic melts at 400 MPa by other techniques ($8 wt % H 2 O by Karl Fischer titration, Botcharnikov et al., 2006) and show the reliability of the 'by-difference' method using the analytical conditions described above.
To determine sulphur speciation in the melt, a peak search was performed for S-Ka radiation for sulphur using a Large-PETcrystal (2d ¼ 0Á875 nm), a beam current of 20 nA and a 20 mm spot. The mean peak position for S in the experimental glass (four spots) was compared with the mean position for four spots measured on standards of pyrite (S À ) and anhydrite (S 6þ ). The difference in peak position between anhydrite and pyrite, Á (S-Ka) ¼ 1Á3 eV, is in agreement with previous data on S peak searching [compilation by Matthews et al. (1999) ].
R E S U LT S : P H A S E E Q U I L I B R I A A N D M I N E R A L A N D M E LT C O M P O S I T I O N
Melt, minerals and bubbles are homogeneously distributed in the experimental products. The silicate minerals are generally similar in size (mostly smaller than 100 mm) and euhedral. Depending on the temperature and water content of the melt, the crystalline phases were plagioclase, amphibole, clinopyroxene, orthopyroxene, apatite, magnetite, ilmenite, anhydrite, and pyrrhotite. Quenched melt .
y Mineral modes calculated using least-squares model (Stormer & Nicholls, 1978) ; XH 2 O in , initial water activity; AEr 2 , squared sum of the residuals; (e), melt water content estimated using correlation between XH 2 O in and the melt water content established from neighbouring charges; c, corrected oxygen fugacity (see text); plag, plagioclase; cpx, clinopyroxene; opx, orthopyroxene; hbl, hornblende; apa, apatite; mag, magnetite; ilm, ilmenite; po, pyrrhotite; anh, anhydrite.
(glass) is observed in all run products, and in the following discussion we use the term 'melt' for the experimental glass. Liquidus conditions were approached in the CO 2 -free runs at 9508C, in which only anhydrite and pyrrhotite were stable in the S-bearing run and only magnetite was stable in S-free run (51 vol. % crystals, Table 2 ). Crystalline phases identified in the run products are given in Table 2 . Figure 2 shows back-scattered electron images of the experimental products obtained at 8508C with different initial fluid composition (XH 2 O in ).
Phase relations
The phase stability fields for the andesite have been determined at 400 MPa in the temperature range 850^9508C and for 3^8 wt % water content in the melt (H 2 O melt ). Figure 3 shows the phase stabilities as a function of temperature and water content in the melt for S-bearing and S-free experiments (the melt water content is taken as the parameter reflecting XH 2 O in ).
Amphibole is the only silicate phase stable in CO 2 -free experiments at high temperature (875^9008C) and coexists with plagioclase at lower temperature (8508C). Amphibole, plagioclase and pyroxenes are stable together at T ¼ 900^8508C and H 2 O melt ¼ 4Á5^5 wt % in S-bearing runs and H 2 O melt ¼ 5^6 wt % in S-free runs. At H 2 O melt 54 wt %, amphibole is not stable, whereas clinopyroxene and orthopyroxene are stable. Plagioclase crystallizes from a melt with H 2 O melt lower than $4Á5 wt % at 9508C and up to 7 wt % at low temperature (8508C, XH 2 O in ¼1). The presence of S influences the stability of plagioclase, clinopyroxene, orthopyroxene and ilmenite, but not the stability field of amphibole. There is a shift of the stability field of plagioclase to lower temperature in S-bearing 'water-rich' melt (H 2 O melt 45 wt %). Clinopyroxene and orthopyroxene are stable minerals in S-free melt with H 2 O melt 55Á5 wt % and H 2 O melt 54Á5 wt % when S is present. Ilmenite crystallizes only in S-bearing experiments and coexists with pyrrhotite and magnetite. In the investigated temperature range, the water content does not strongly influence the stability field of pyroxenes (Fig. 3) . This observation differs from previous experiments with andesitic compositions performed at higher temperature, where the pyroxene stability field strongly depends on water content (e.g. Martel et al., 1999; Botcharnikov et al., 2008) . However, our experiments are restricted to a small temperature range (1008C) and the extension of the stability curves of these minerals toward higher temperatures should reveal that 'orthopyroxene-in' and 'clinopyroxene-in' curves are expected to be dependent on water content in the melt.
Apatite has been observed only in charges at 9508C. The curve showing the beginning of apatite crystallization is indicated in Fig. 3 . Apatite has not been detected in most experiments with high crystal contents (low temperature or low H 2 O melt ; Table 2 ). Considering our knowledge of apatite solubility, this mineral should be present in such experiments. The low P 2 O 5 content of coexisting melts in these experiments confirms that a P-bearing phase must have crystallized. Apatite may have formed very tiny phases, which could not be detected.
Magnetite is present in most S-bearing and in all S-free charges. Pyrrhotite and anhydrite are liquidus phases at 9508C. The crystallization of both sulphate and sulphide depends on the redox state of the experiment, in agreement with previous studies on anhydrite^pyrrhotite stability (Carroll & Rutherford, 1988) . Anhydrite crystallizes in charges with an oxygen fugacity higher than NNO þ1, whereas pyrrhotite is present in all S-bearing charges (up to NNO þ1Á2). In CO 2 -free and anhydrite-bearing experiments (number 9, Table 2), pyrrhotite is absent (and anhydrite is present) despite the relatively low oxidation state (NNO þ1Á12). Under water-undersaturated conditions (H 2 O melt $5 wt %) in anhydrite-bearing experiments, clinopyroxene replaces amphibole (in S-bearing experiments), probably as a result of a higher CaO content in the starting material (þ1Á75 wt % CaO).
Crystallinity
The phase compositions (SiO 2 , TiO 2 , Al 2 O 3 , FeO Ã , MnO, MgO, CaO, Na 2 O, K 2 O, and P 2 O 5 ) were used to calculate modes for all charges, based on a least-squares fit of the starting composition using the approach of Stormer & Nicholls (1978) . Calculated modes are given in Table 2 (wt %), together with the sum of the squares of the residuals to the fit (Rr 2 ). Fits were poor for several charges at 850 and 9508C, with Rr 2 values 40Á6, but most fits were satisfactory, with Rr 2 50Á3. The melt fraction decreases and the proportion of crystalline phases increases with decreasing XH 2 O in and wt % H 2 O melt at all investigated temperatures (Fig. 4 , Table 2 ). The variation of melt fraction at 9508C is low, reflecting near-liquidus conditions. At lower temperatures, the melt fraction decreases by $50 wt % for a variation in water content of 4 wt % (Fig. 4a ). As expected, the crystal fraction increases with decreasing temperature (at a given H 2 O melt ). The variation is c. 10 wt % for a temperature change of 508C. For a given H 2 O melt , the proportion of the melt in the S-bearing charges is up to 16 wt % higher than in S-free charges (at 9008C, 5 wt % H 2 O melt ). Among the stable silicate phases, only plagioclase shows a significant modal change related to the presence of sulphur (variation up to 18 wt % at 9008C, H 2 O melt ¼ 5 wt %; Fig. 4b ). No differences are observed in amphibole and clinopyroxene modal proportions, whereas the amount of orthopyroxene is slightly lower in the S-bearing runs ($3 wt % in S-bearing charge and $5 wt % in S-free charge at 9008C, H 2 O melt ¼ 5 wt %; Table 2 ). Magnetite is less abundant in the S-bearing charges in which pyrrhotite and ilmenite are stable phases. The amount of magnetite clearly increases with a decrease in temperature in S-free runs (e.g. from 2Á6 to 3Á4 wt % for T from 900 to 8508C, respectively, for H 2 O melt ¼ 5Á8 wt %).
Mineral and melt compositions Silicate phases
The anorthite (An) content in plagioclase increases strongly with an increase in H 2 O melt (up to An 75 for H 2 O melt $8 wt % at 8508C) and temperature (e.g. from An 44 to An 65 for T from 875 to 9508C in S-bearing runs, respectively; Fig. 5 , Table 3 ). The addition of sulphur in the system also results in an increase of the An content of plagioclase (up to 8 mol % at 9008C, H 2 O ¼ 5 wt %; Fig. 5 ) that correlates with changes in crystallinity and melt It should be noted that pyrrhotite is present in all S-bearing experiments. In all S-free runs, magnetite is present and ilmenite is absent. The grey shaded area represents the phase equilibrium assemblage of the natural sample of the Huerto Andesite. Symbols with cross are CO 2 -free runs. plag, plagioclase; cpx, clinopyroxene; opx, orthopyroxene; hbl, hornblende; apa, apatite; mag, magnetite; ilm, ilmenite; po, pyrrhotite; anh, anhydrite. The solidus line was drawn by combining the experimental data of Ebadi & Johannes (1991) and Holtz et al. (2001) for a haplogranitic system. composition. The orthoclase content increases significantly (from Or 1 to Or 6 ) with a decrease in water content (Table 3) .
Experimental amphiboles are euhedral unzoned calcic amphiboles [tschermakite, (Ca þ Na) B 41; Na B 50Á5; Leake et al., 1997] (Table 4) . No significant variations in amphibole composition are observed as a function of temperature or H 2 O melt . The total aluminium content in amphibole slightly increases with an increase of H 2 O melt in S-free charges, whereas no significant changes are observed in S-bearing charges (Fig. 6 ). Mg-number is slightly higher in S-free runs and increases with temperature and oxygen fugacity (Fig. 7a) .
The composition of pyroxenes is given in Table 5 . Both augite and hypersthene are stable minerals over the range of experimental temperature (850^9508C). For augite, the wollastonite content (Wo) increases, the ferrosilite (Fs) content decreases and the enstatite (En) content is constant with an increase in oxygen fugacity and water content for a fixed temperature, whereas hypersthene shows an increase in En content, a decrease in Fs content and Wo content is constant. In S-free runs, at fixed oxygen fugacity, for both hypersthene and augite, the Mg-number decreases (and Fs increases) with decreasing temperature, whereas no significant changes are observed in S-bearing charges (Fig.7b ).
Accessory minerals
Particular attention was given to the presence of accessory mineral such apatite, ilmenite, magnetite, anhydrite and pyrrhotite because they permit characterization of the intensive parameters, the volatile content in the melt and the composition of the fluid phase in the natural system (e.g. Carroll & Rutherford, 1987; Ghiorso & Sack, 1991; Parat et al., 2002; Scaillet & Pichavant, 2003) . Because of the small size of the accessory minerals (5 10 mm), analyses may have been contaminated by glass. To interpret the composition of the accessory minerals we have selected representative analyses (the analyses with the lowest silica content), given in Tables 6^9.
Apatites are hydroxy-fluor-apatites ($1Á8 wt % F; X OH $0Á6 and X F $0Á4) and sulphur-rich in the S-bearing runs (up to 0Á7 wt % SO 3 ) ( Table 6 ). The Na 2 O content in apatite from the S-free runs is below the detection limit, whereas apatite in S-bearing runs has up to $0Á14 wt % Na 2 O, suggesting that in S-bearing runs both Na and S are involved in sulphur exchange reactions.The sulphur content in apatite decreases with a decrease in temperature and a decrease of sulphur content in the melt, in agreement with previous experimental data (Parat & Holtz, 2004 , 2005 . Sulphur substitutes into the tetrahedral site as the S 6þ ion and several exchange reactions have been proposed based on natural apatite composition (e.g. Rouse & Dunn, 1982; Liu & Comodi, 1993) . The good positive correlation between Si þ Na and S þ REE (rare earth element) contents observed for experimental apatites in S-bearing charges suggests that charge balance is maintained through the coupled substitution Si
in agreement with sulphur exchange in natural apatite from the Huerto Andesite (Parat et al., 2002) . This sulphur exchange reaction differs from the one described in Parat & Holtz (2004 , 2005 for experimental apatites coexisting with REE-free rhyolitic melt (simple substitution between Na and S), indicating that the melt trace element composition (e.g. REE content) probably influences the sulphur exchange reaction in apatite.
The ulvo« spinel component (X ulvo« ) of magnetite in S-bearing and S-free charges and ilmenite component (X ilm ) of ilmenite in S-bearing charges decrease with an increase in oxygen fugacity ( Fig. 8 ; Tables 7 and 8 ). The MgO, MnO, and Al 2 O 3 content of magnetite are identical in S-bearing and S-free charges. The MgO, and to a lesser extent Al 2 O 3 , content of magnetite increases with 
H 2 O m , calculated water content in experimental melt; n, number of analyses; S.D., standard deviation (see text).
PARAT et al. HUERTO ANDESITE PRE-ERUPTIVE CONDITIONS temperature (up to 2Á8 and 4Á6 wt % at 9508C, respectively). Magnetites in S-bearing runs have higherTiO 2 and slightly lower Fe 2 O 3 content than in S-free charges, resulting in higher amounts of the ulvo« spinel component. Ilmenite is present only in S-bearing charges and has a relatively high ilmenite component (Ilm 83^91 ) (Fig. 8b) . Three charges have coexisting ilmenite and magnetite. Using the geothermometer formulated by Ghiorso & Sack (1991) , we calculated temperatures in agreement with experimental temperature within AE308C and a lower oxygen fugacity by 0Á3^1 log units, which may indicate a lower oxidation state or an influence of pyrrhotite crystallization on the determination of oxygen fugacity based on iron^titanium oxides. Pyrrhotite is stable in all S-bearing charges except at NNO þ1Á1 in the water-saturated anhydrite-bearing run (number 9, Table 2 ). It occurs as hexagonal crystals (Table 9 ) increases with decreasing oxygen fugacity, whereas no variations are observed with changing temperature.
Melt composition; major elements
The composition of the experimental melts ranges from andesite to dacite (57^69 wt % SiO 2 ) and varies according to temperature and water content. The composition of the melt at 9508C is relatively constant because the crystal proportion in these experiments is low (2 to $15 wt %, Fig. 9 and Table 10 ). The evolution paths are similar at 900, 875 and 8508C: CaO, MgO, FeO, Al 2 O 3 and TiO 2 contents decrease with a decrease in water content and temperature reflecting plagioclase, pyroxenes, amphibole and oxides crystallization, whereas K 2 O increases (a K-bearing phase is absent). Na 2 O is nearly constant and varies in the range 3Á2^3Á9 wt % over the range of experimental temperatures.
Changes in melt composition in the S-free and S-bearing experiments correlate with the observed changes in the phase proportions. S-bearing melts are enriched in Al 2 O 3 , CaO, TiO 2 , and to a lesser extent in FeO and MgO, and depleted in SiO 2 and K 2 O. Al 2 O 3 and CaO concentrations reflect a lower plagioclase proportion in the S-bearing charges than in the S-free charges. SiO 2 and K 2 O concentrations are related to the crystal proportion, which is lower in the S-bearing charges. TiO 2 in the melt varies as a function of temperature and is controlled by the amount of magnetite in all S-free runs and in S-bearing runs at 9508C. In contrast, in S-bearing charges at T 59508C, the variation of TiO 2 content in the melt is controlled by the crystallization of ilmenite and magnetite. We note that the melt composition is identical in S-bearing and anhydrite-bearing experiments (even the CaO content), indicating that the addition of anhydrite as a source of sulphur does not change the melt composition, but rather only the phase assemblage and/or proportions.
Melt composition; volatile elements
The addition of sulphur as elemental S results in a decrease in XH 2 O in in the capsule and thus in H 2 O melt . This is confirmed by the water content determined in S-bearing melts: in experiments with CO 2 -free fluid phase (initial fluid phase composition), H 2 O melt is up to 1Á1wt % lower in S-bearing charges than in S-free charges (e.g. at 9008C: 7Á15 and 8Á24 wt % in S-bearing and S-free melt, respectively; Table 2 , Fig. 10 ). Such a decrease in H 2 O melt is consistent with the observations of Scaillet & Macdonald (2006) , who estimated that the XH 2 O in in the equilibrium fluid decreases from 1 to 0Á9 (or less than 0Á9) with the Grey bands represent the Mg-number of the natural amphibole and clinopyroxene (core) in the Huerto Andesite. Rectangle: oxygen fugacity and composition of amphibole in S-bearing experiments in which the natural mineral assemblage was reproduced. ÁNNO ¼ log fO 2 (exp) À log fO 2 (NNO). Estimated error on oxygen fugacity is $0Á2 log unit. Mg-number ¼100 Â Mg/(Mg þ Fe total ). addition of 1wt % S (for experiments with approximately the same silicate/fluid ratio as in this study).
The sulphur content in melts coexisting with pyrrhotite is plotted in Fig. 11 as a function of fS 2 (calculated from pyrrhotite composition). The sulphur content is close to that determined in previous studies of intermediate melt compositions at oxidizing conditions (Baker & Rutherford, 1996; Clemente et al., 2004; 2005; Scaillet & Macdonald, 2006) . The highest value (2033 ppm) was obtained for the CO 2 -free run at 9508C. There is a general increase in the sulphur content of the melt with f S 2 , as expected. In CO 2 -free charges, the increase in sulphur content with fS 2 is strong when compared with expected trends for basaltic or andesitic melts at a given temperature (Scaillet & Pichavant, 2003) . This effect may be due to a positive dependence of sulphur solubility on temperature. The compositional change of the melts as a function of temperature (slightly 
fO 2 referenced to the NNO buffer . n, number of analyses; S.D., standard deviation (see text). . n, number of analyses; S.D., standard deviation; X ulv calculated according to Stormer (1983) . more silicic at low temperature; 60Á8 and 57Á5 wt % SiO 2 at 850 and 9508C, respectively) may also influence sulphur solubility, but this is probably not strong enough to explain such an increase between 850 and 9508C (126 and 2033 ppm, respectively). The S-Ka peak measured on experimental glass (9008C, run 1) is close to that measured on anhydrite [Á(S-Ka) anh ¼ 0Á97 eV] indicating that sulphate dominates over sulphide and that the molar fraction of sulphur as SO 4 in the melt is SO 2À 4 /S total ¼ 0Á68 (Matthews et al., 1999) .
D I S C U S S I O N Pre-eruptive conditions of the Huerto Andesite at 400 MPa
At 400 MPa, the experiments essentially reproduced the natural phase assemblage and proportion and mineral compositions of the Huerto Andesite. The natural phase assemblage corresponds to a very restricted field of T^H 2 O conditions (Fig. 3) . In the S-bearing system, the co-crystallization of plagioclase, hornblende, clinopyroxene, apatite, ilmenite and magnetite requires a temperature below 9008C and a restricted H 2 O melt of 4^5 wt % (XH 2 O in $0Á7). The amount of melt (groundmass) was also reproduced for this range of water contents in the temperature range 850^9008C (Fig. 4) .
Additional constraints on pre-eruptive conditions are provided by a comparison of experimental and natural mineral compositions. From the plagioclase composition, we confirm the range of water contents and temperatures given above (Fig. 5) . Natural plagioclase compositions (An 60^40 ) were reproduced under water-undersaturated conditions (XH 2 O in $0Á7^0Á8) with H 2 O melt $4^5 wt % in the temperature range of 850^9008C (Fig.5) . However, the composition of plagioclase in the experiments in which the melt and plagioclase fractions were reproduced corresponds to a composition with a slightly lower anorthite content (An 45^55 ) than the maximum observed in the cores of the natural plagioclase (An 60 ) (Fig.5) .These An-rich plagioclase cores may have crystallized from a slightly more mafic melt (at higher temperature) and/or from a melt with a higher water content. The composition of most natural clinopyroxenes (CaO ¼19^22 wt % and Mg-number ¼ 65^77) was also reproduced in our experiments at a melt fraction of about 65 wt % (Fig.7b) and temperatures of 850^9008C (assumed to be the pre-eruptive temperatures; see above); however, some natural clinopyroxene cores have higher CaO and MgO contents than the experimental clinopyroxenes. Similarly, most of the natural amphibole compositions were reproduced in experiments performed at relatively high oxygen fugacity (ÁNNO þ 0Á8 to 1) at 400 MPa and 875^9008C (Mg-number ¼ 55^66; Fig. 7a ; Table 4 ). Some natural amphiboles have a lower SiO 2 /Al 2 O 3 ratio (Al 2 O 3 ¼10Á1^13Á4 wt % and SiO 2 ¼ 41Á5^44Á3 wt %; Fig.6 ) than the experimental amphibole, suggesting that they crystallized in equilibrium with a melt with a lower SiO 2 /Al 2 O 3 ratio than the Huerto Andesite (Sisson & Grove, 1993; Pichavant et al., 2002) . Both plagioclase and Fe^Mg minerals suggest that most of the mineral assemblage probably crystallized at 850^9008C in equilibrium with a melt with $4Á5 wt % H 2 O; however, early crystallization may also have occurred from a more mafic, probably hotter (T 49008C), magma with a smaller amount of crystals. The occurrence of very S-rich apatites in the Huerto Andesite is another feature that might reveal an early crystallization stage in a hotter, more mafic S-rich magma than the andesite (basaltic magmas are often considered to be major sources of S and magmatic volatiles; e.g. Wallace,2005) . The oxygen fugacity can be constrained from the composition of coexisting Fe^Ti oxides. The lower ulvo« spinel and ilmenite contents (X ulvo« ¼ 0Á20 and X ilm ¼ 0Á83, respectively) of the natural magnetite and ilmenite compared with the experimental magnetite and ilmenite from runs performed at 875^9008C and NNO þ1 (X ulvo« ¼ 0Á27 and X ilm ¼ 0Á85, respectively; Table 6 , Fig. 8 ) suggest more oxidized conditions than the experimental fO 2 at 850^9008C, slightly higher than NNO þ1. This oxidation state is corroborated by the presence of anhydrite in the natural sample and in experimental charges at log fO 2 4NNO þ 0Á9 (9008C) and probably by the high Mg-number of clinopyroxene, which may suggest a slightly more oxidized system in addition to crystallization from a more mafic melt.
The concentration of other volatiles such as sulphur in the andesitic melt can be estimated from the measurement of S in the experimental melts or from the experimentally determined partition coefficient of S between apatite and melt. In the experimental melts, there was a dramatic decrease in the sulphur content of the melt with decreasing XH 2 O in . For XH 2 O in decreasing from unity to 0Á8 at 9008C, the sulphur content in the experimental melt decreases from 1172 to 181ppm S (run 1 and run 2, respectively; Table 2 ). We can compare these values with the sulphur content in a melt in equilibrium with sulphur-rich apatite. Using the average composition of the natural apatite from the Huerto Andesite (average 0Á6 wt % SO 3 , Parat et al., 2002) and the 
fO 2 referenced to the NNO buffer . Toulmin & Barton (1964) ; n, number of analyses; S.D., standard deviation.
experimentally calibrated partition coefficient of sulphur between apatite and melt (K d ¼ 4; , we estimated the sulphur content in the melt at $560 ppm (S). This value agrees with the sulphur content in the experimental melts in equilibrium with apatite: 260 and 1200 ppm S for 0Á51 and 0Á70 wt % SO 3 in apatite, respectively. The estimated value of $500 ppm S in the Huerto andesitic melt is at least two times higher than that estimated from melt inclusions in anhydrite^pyrrhotite-bearing dacite and trachyandesites [e.g. S ¼ 88 ppm for Pinatubo (Westrich & Gerlach, 1992) and 200 ppm for El Chicho¤ n magmas (Luhr,1990) ] but close to the value determined for anhydrite^pyrrhotite-bearing andesitic magmas from Nevado del Ruiz (up to 700 ppm S; Sigurdsson et al.,1990) . The presence of bubbles in our experimental charges does not allow us to measure directly the carbon solubility in glasses using IR spectroscopy. To estimate the carbon content in the melts, a multicomponent saturation model for dacite can be used. By using the H 2 O^CO 2 saturation model of Papale et al. (2006) , at a saturation pressure of 400 MPa, a water content in the melt of 4Á5 wt % and T ¼ 9008C, the CO 2 solubility in the melt is $2000 ppm.
This agrees with the experimentally determined CO 2 solubility in andesitic melts in equilibrium with C^O^H fluids (Botcharnikov et al., 2006) .
Fluid phase composition in equilibrium with the melt
The fluid phase composition in equilibrium with minerals and melt may be estimated using the thermodynamic properties of fluids. In the C^H^O^S system, the following species may be considered: H 2 O, H 2 , CO 2 , CO, CH 4 , SO 2 , and H 2 S. The fugacities of H 2 O and CO 2 were estimated using the solubility models of Zhang (1999) and Behrens et al. (2004) , respectively. For H 2 O melt ¼ 4Á5 wt % and CO 2 melt ¼ 2000 ppm at 9008C and 400 MPa, we estimated fH 2 O ¼1500 bar and fCO 2 ¼ 6500 bar. According to the equilibrium constants given by Helgeson et al. (1978) , fCO and fCH 4 are very low (50Á1bar), and are not considered further for mole proportion calculations.
The sulphur fugacity (fS 2 ) was calculated using the composition of experimental pyrrhotite (Toulmin & Barton, 1964; Froese & Gunter, 1976) : log fS 2 ¼ À3Á8 to þ1Á3 (fS 2 ¼ 0Á0001^20 bar) for T ¼ 850^9508C. The sulphur fugacity is well correlated with the oxygen fugacity and the sulphur content of the melt (Fig. 11) , except for two runs (3 and 22), which may have been compromised because of the analysis of quenched immiscible sulphide. The sulphur fugacity calculated from natural pyrrhotites ranges from 0Á025 to 3 bar (log fS 2 ¼ À1Á6 to þ 0Á5) (Parat et al., 2002) , which corresponds to a sulphur content of 250^1200 ppm in our experimental melts coexisting with pyrrhotite in the temperature range 850^9008C. For the Huerto Andesite, we chose the average value of 0Á45 bar (calculated using the natural pyrrhotite composition) as a representative S 2 fugacity. This value corresponds to an intermediate value between experiment 2 (H 2 O melt ¼ 4Á9 wt %, S ¼181ppm) and experiment 1 (H 2 O melt ¼ 7Á1wt %, S ¼1172 ppm) at 9008C. Then we used the thermodynamic data of Helgeson et al. (1978) to determine the SO 2 and H 2 S fugacities. We obtained log fSO 2 ¼1Á14 (fSO 2 ¼14 bar) and log fH 2 S ¼1Á72 (fH 2 S ¼ 55 bar).
The composition of the fluid phase at 9008C and 400 MPa was estimated using the model proposed by Churakov & Gottschalk (2003a , 2003b taking the thermodynamic properties of fluid mixtures into account. The mole fractions of H 2 O, H 2 , CO 2 , SO 2 and H 2 S in the fluid phase were adjusted until matching the fugacities estimated above. The data, given in Table 11 , show that the estimated fugacities were approached for CO 2 -rich fluids. CO 2 is the dominant species with XCO 2 ¼ 0Á62, followed by H 2 O with XH 2 O ¼ 0Á37; the amount of sulphur species are minor: XH 2 S ¼ 0Á005 and XSO 2 ¼ 0Á001. The higher CO 2 fugacity calculated for a water fugacity close to 1500 bar might suggest a slightly higher CO 2 content in the melt (42000 ppm). The estimated mole proportions agree with mass-balance calculations for H 2 O and CO 2 Fig. 8 . Composition of experimental magnetite (a) and ilmenite (b) vs oxygen fugacity expressed as ÁNNO, with change in temperature. Grey bands represent the composition of natural ilmenite and magnetite in the Huerto Andesite. ÁNNO ¼ log fO 2 (exp) À log fO 2 (NNO). Estimated error on oxygen fugacity $0Á2 log units and standard deviation for Xulvo« spinel and Xilmenite 50.02.
in experimental charges with the mineral assemblage and a mineral proportion close to that of the natural andesite. For pyroxene-bearing charge at 9008C (experiment 3),
and CO 2-fluid ¼ 0Á37 (¼CO 2-initial , mol, because of the low solubility of CO 2 in melt).
Effect of volatiles on modal mineralogy and phase compositions
Crystallization experiments performed under moderately oxidized conditions ($NNO þ1) on an andesitic bulk composition confirm that dissolved H 2 O in silicate melts significantly influences the crystallization sequence (e.g. amphibole in water-rich and pyroxene in water-poor andesitic melts), the abundance and composition of minerals, and therefore the composition of the residual liquid.
Plagioclase and clinopyroxene are the phases most sensitive to the water content in the melt and have high calcium contents (high An and Wo components, respectively) in equilibrium with a water-rich melt.
Carbon may be relatively abundant in the fluid phase in equilibrium with hydrous andesitic melts and, assuming that the Huerto andesitic magma was fluid-saturated, XCO 2 may represent 60% of the fluid phase. However, carbon species (CO 2 , CH 4 , and CO) are only slightly soluble in silicate melts (54500 ppm CO 2 , Botcharnikov et al., 2006) and carbonate minerals are not stable in andesitic melts. Thus, CO 2 has no direct effect on the phase composition and proportion, but does reduce the water activity.
Of the volatiles present in the fluid phase, sulphur is a minor component (5 1%) and is only slightly soluble in andesitic melts (52000 ppm). This study shows that the addition of sulphur at moderately oxidizing conditions (NNO þ1) may cause: (1) a decrease in the abundance of plagioclase and magnetite and an increase in melt fraction that result in changes in the composition of the residual liquid and in the composition of minerals, especially plagioclase; (2) a shift in the stability field of plagioclase to lower temperatures in S-bearing 'water-rich' melts and the appearance of clinopyroxene and orthopyroxene at lower H 2 O contents in S-bearing melts than in ÁNNO: ÁNNO: (continued) Total  94Á46  90Á30  91Á63  92Á50  89Á54  89Á90  91Á91  92Á75   H 2 Oc  3Á35  7Á13  6Á07  5Á14  7Á78  7Á48  5Á85  5Á16   1 fO 2 referenced to the NNO buffer . S.D., standard deviation (see text); H 2 Oc, water content determined by difference, using standards of rhyolitic glass with different water contents (0-8 wt % H 2 O) following the method described by Devine et al. (1995) and Koepke (1997) ; n, number of analyses. Total of microprobe analysis.
S-free melts; (3) the crystallization of pyrrhotite over the entire studied temperature and fO 2 range (850^9508C and NNO þ 0Á5 to NNO þ1Á2), of anhydrite at 900^9508C for log fO 2 4NNO þ 0Á9, and of ilmenite at T 59008C. The low abundance of plagioclase and magnetite in the presence of sulphur may be due to either (1) a large reduction in the Ca and Fe content of the liquid caused by the presence of S and/or (2) the formation of stable Ca^S and/or Fe^S complexes in the melt, which inhibit the crystallization of plagioclase and magnetite. The systematic low proportions of plagioclase in S-bearing charges without and with stable anhydrite (5 1Á2 wt %) are correlated with a high CaO content in the melt and a high anorthite content of the plagioclase (the anorthite content of plagioclase correlates with the Ca/Na of the melt) and cannot result from anhydrite crystallization. The most probable explanation could be the formation of Ca^SO 4 complexes in the melt that decrease the activity of Ca (e.g. Parat & Holtz, 2004) . Pyrrhotite, magnetite and ilmenite are stable phases in S-bearing charges and their proportion is nearly constant over the range of experimental temperatures and water activities. The lower amount of magnetite in the S-bearing charges than in the S-free charges may be directly related to the crystallization of pyrrhotite (up to 3Á3 wt %, representing 2 wt % of FeO removed from the melt), whereas the low and constant amount of ilmenite (50Á6 wt %) suggests that ilmenite saturation may be closely related to melt TiO 2 content (Toplis & Carroll, 1995) . The identical abundance of Fe-silicates in charges with and without sulphur and the absence of significant changes in Fe^Mg-silicate composition and FeO concentration in the melt with addition of sulphur suggest that the distribution of Fe between silicates and melt in the S-bearing experiments may result from mass-balance constraints and pyrrhotite^magnetite or pyrrhotitem agnetite^ilmenite exchange reactions (Whitney, 1984) . There are only a few experimental studies that provide information on the influence of sulphur on phase equilibria. Scaillet & Evans (1999) and Costa et al. (2004) investigated the phase relations of dacitic bulk-rock compositions (Pinatubo dacite and Tatara San Pedro dacite, respectively) in a CO 2 -free system (fluid phase composed of H^O^S-bearing species) and under oxidized conditions (4NNO þ1Á2). They observed similar changes in melt and mineral proportion to those reported in this study. At log fO 2 4NNO þ 2Á5, they reported the stabilization of biotite or/and gedrite instead of hornblende, a decrease in the plagioclase proportion and an increase in magnetite proportion. Scaillet & Evans (1999) suggested that the crystallization of ferromagnesian amphibole instead of calcic amphibole may be related to the sulphur content of the system and the resulting uptake of Ca by anhydrite, whereas Costa et al. (2004) favoured the formation of Ca^SO 4 complexes in the melt. The absence of analytical methods to determine clearly the sulphur speciation in melts does not permit us to constrain quantitatively the role of S in S-bearing magmatic systems. Our data indicate a strong affinity of S with Ca in the melt structure and show that S is an important volatile to take into account for understanding the stability and composition of mineral phases as well as the liquid line of descent in magmatic systems.
C O N C L U S I O N S : I M P L I C AT I O N S F O R T H E R EJ U V E NAT I O N M O D E L O F T H E F I S H C A N YO N M AG M A C H A M B E R
Nearly all the major features of the hornblende-bearing rocks of the Huerto Andesite erupted in the San Juan volcanic field can be reproduced by our S-bearing phase Fig. 11 . Sulphur content in the experimental melts vs sulphur fugacity calculated from the composition of the experimental pyrrhotite (Toulmin & Barton, 1964; Froese & Gunter, 1976) . Open symbols with cross are for CO 2 -free runs. Grey band represents the sulphur fugacity calculated from the composition of natural pyrrhotite in the Huerto Andesite at 9008C (Parat et al., 2002) . equilibrium experiments. Phase diagrams and mineral compositions indicate that the magma may have been fluid-saturated with 4Á5 wt % of water in the melt and that the pre-eruptive temperature was 875 AE 258C (assuming a pressure of 400 MPa). Before eruption, the andesite had an oxidation state very close to, or slightly within, the co-stability field of anhydrite^pyrrhotite at NNO þ1Á1.
The crystal content of the Huerto Andesite (around 45 vol. %) and the early crystallization of An-rich plagioclase together with Mg^Ca-rich clinopyroxene indicates that the temperature of the mafic parent magma at the liquidus may have been significantly higher than 875 AE 258C, at around 9508C (Fig. 3) . One main question is whether or not the Huerto Andesite was saturated with respect to fluids during crystallization and prior to eruption. The occurrence of very S-rich apatites in the Huerto Andesite is a feature that might reveal an early crystallization stage in a hotter, more mafic and S-rich magma than the andesite; however, the complex zoning in S concentration (Parat et al., 2002) may also indicate that fluid-saturated conditions prevailed during apatite crystallization (e.g. strong variations of fS 2 being caused by episodic replenishment and degassing events at depth). As soon as fluid saturation was reached, H 2 O and CO 2 may have been released associated with further crystallization. The solubility of CO 2 in andesitic melts is low when compared with that of H 2 O (Botcharnikov et al., 2006) and CO 2 is preferentially incorporated into the fluid phase. The distribution of CO 2 and H 2 O between fluid and melt is such that the first fluids that are degassed should incorporate most of the CO 2 (Dixon & Stolper, 1995) . Thus, if the equilibrium fluid after 45% crystallization contains 60 mol % CO 2 , as suggested by our calculations, the amount of fluid released by cooling from 950^9258C to the pre-eruptive temperature (875 AE 258C) must have been small and the initial water content of the andesitic melt prior to the onset of degassing must have been only slightly higher than 4Á5 wt % H 2 O. Assuming this water concentration in the residual melt and considering that the crystal content is around 45 vol. % in the Huerto Andesite, our data indicate that the primary melts leading to the formation of magmas such as the Huerto Andesite probably contained 2Á5 wt % H 2 O. This value can be used to estimate the possible amount of fluids that can be released by andesitic magmas crystallizing at depth. The release of such fluids is considered to have promoted the rejuvenation of silicic magmas in the upper crust, leading to the eruption of 45000 km 3 of the dacitic Fish Canyon magma (Bachmann et al., 2002) .
Knowing the water concentration of the andesitic melt, assuming a pre-eruptive temperature of 875 AE 258C and assuming that the magma is saturated with respect to a fluid phase at this temperature, the available experimental data on andesitic systems (Botcharnikov et al., 2006) and the model of Papale et al. (2006) can be used to predict the CO 2 concentration of the andesitic melts (see above). This concentration is in the range 2000^4000 ppm, and the molar fraction of H 2 O in the fluid [XH 2 O ¼ H 2 O/ (H 2 O þ CO 2 )] after 100% degassing (or 100% crystallization, if the water incorporated into amphibole is neglected) would be 40Á95. However, considering the gas sparging model of Bachman & Bergantz (2003) , degassing with continuing crystallization at depth needs to be modelled by an open-system process, leading to the release of small amounts of CO 2 -rich fluids in the very first stages and high amounts of H 2 O-rich fluids during later crystallization stages (Dixon & Stolper, 1995) . Most of the CO 2 should be released after 5^10% crystallization. Thus, assuming that the Huerto Andesite is representative of the mafic magma that degassed at depth, the composition of the fluids that infiltrated the Fish Canyon batholith was water-rich (XH 2 O 40Á95) at temperatures as high as 800^8258C (slightly below the pre-eruptive temperatures). Fluids exsolved at lower temperatures would be even more water-rich.
Assuming that the reactivation of the Fish Canyon magma chamber was initiated by the percolation of hot gas (gas sparging) released from a cooling $3000 km 3 andesitic magma (Bachmann & Bergantz, 2003) similar to that of the Huerto Andesite (8758C, 4Á5 wt % H 2 O; 45 vol. % crystals), it can be calculated that more than 250 km 3 of water would be released as a result of the crystallization of the andesite (we assumed a density of 2500 kg/m 3 and of 600 kg/m 3 for the andesitic melt and the fluid, respectively). Bachmann & Bergantz (2003) calculated that the percolation of only 30 km 3 of fluid (at 8008C) may be necessary to remobilize a crystal mush (with570 vol. % crystals) that has reached its rheological locking point. Following the model of Bachmann and Bergantz (2003) , the temperature of the 7500 km 3 Fish Canyon magma may increase by $408C (accounting for a cooling of the andesite magma over 150 kyr) as a result of gas sparging and heat transfer from the andesitic magma to the rhyolitic magma. Considering that the residual melts in the rhyolitic magma chamber contain mainly water (most CO 2 dissolved in the rhyolitic melts may already have escaped in early crystallization stages) and that the rhyolitic magma was saturated with respect to quartz, alkali feldspar and Ab-rich plagioclase (Bachmann et al., 2002) , such a temperature increase would result in an increase of the melt fraction by $10 wt % [based on data of Holtz et al. (2001) for the haplogranitic system]. This value is significantly lower than the dissolution of $20% estimated by Bachman & Bergantz (2003) . As mentioned by Bachmann & Bergantz (2003) , other mechanisms need to be taken into account to explain the reactivation of voluminous silicic mushes such as the Fish Canyon magma. Bachmann & Bergantz (2003) neglected the mass exchange between silicate melt and the H 2 O-rich fluid. However, the increase of the bulk water content of a magma in equilibrium with quartz and two feldspars is expected to cause a significant increase of the melt fraction (at isothermal conditions). If 75 km 3 of water (30% of the total water) released from the crystallization of 3000 km 3 of the Huerto Andesite reacts with the 7500 km 3 Fish Canyon rhyolitic magma, the bulk water content of the magma would increase by $0Á2 wt % H 2 O, which would in turn lead to an increase of the melt fraction by $5 wt % [at 7608C in the pressure range 200^300 MPa, applying the data obtained for the haplogranitic system; Holtz et al. (2001) ].
In conclusion, one additional mechanism which may account in part for the reactivation of silicic mushes is a melting reaction caused by the supply of external fluids, composed mainly of water.
